In eucaryotes, many secreted proteins and peptides are proteolytically excised from larger precursor proteins by a specific class of serine proteases, the proprotein/prohormone convertases (PCs). This cleavage is essential for substrate activation, making the PCs very interesting pharmacological targets in cancer and infectious disease research. Correspondingly, their structure, function and inhibition are intensely studied -studies that require the respective target proteins in large amounts and at high purity. Here we describe the development of a novel purification protocol of furin, the best-studied member of the PC family. We combined the heterologous expression of furin from CHO cells with a novel purification scheme employing an affinity step that efficiently extracts only active furin from the conditioned medium by using furin-specific inhibitor moieties as bait. Several potential affinity tags were synthesized and their binding to furin characterized. The best compound, Biotin-(Adoa) 2 -ArgPro-Arg-4-Amba coupled to streptavidin-Sepharose beads, was used in a three-step chromatographic protocol and routinely resulted in a high yield of a homogeneous furin preparation with a specific activity of ;60 units/mg protein. This purification and the general strategy can easily be adapted to the efficient purification of other PC family members.
Introduction
Many secreted proteins and peptides are initially synthesized as larger inactive precursor proteins (or proproteins) and are subsequently converted to their mature, active forms by specific proteolytic cleavages within the secretory pathway (Seidah and Chretien, 1997; Steiner, 1998) . The respective processing proteases belong to the family of proprotein/ prohormone convertases (PCs) and share an overall subtilisin-like fold in their catalytic domains. In mammals, they can be grouped into the classical PCs that cleave mostly after dibasic residues (PC1/3, PC2, furin, PC4, PC5/6, PACE4 and PC7) and are homologous to the yeast endoproteinase Kex2/ kexin, as well as two PCs that cleave after nonbasic sites wsubtilisin-kexin-isoenzyme-1 (SKI-1)/site one protease (S1P) and proprotein convertase subtilisin/kexin type nine (PCSK9)/neural apoptosis regulated convertase one (NARC-1)x (Seidah et al., 2008) . These enzymes proteolytically activate various precursors including those of peptide hormones (such as insulin), extracellular proteases, growth and differentiation factors (implicated in neurodegenerative diseases, tumor growth and metastasis) and bacterial toxins as well as viral coat proteins. The fact that the PC family members are involved in such a large number of physiological and pathological processes (Hallenberger et al., 1992; Nakayama, 1997; Seidah and Prat, 2002; Bassi et al., 2005; Scamuffa et al., 2006) renders them very interesting drug targets (von Eggelkraut-Gottanka and Beck-Sickinger, 2004; Basak, 2005; Fugere and Day, 2005; Bontemps et al., 2007; Seidah and Prat, 2007) .
Furin, the best-characterized family member which is often regarded as the PC prototype, cleaves its target proteins with high specificity following the R-X-K/R-R motif. It represents a ubiquitously expressed, type I membrane protein consisting of multiple domains; it itself is initially translated as a proprotein (Thomas, 2002) . Furin becomes activated by a pH-dependent, two-step proteolytic processing event, during which the autoinhibitory prodomain is cleaved off, followed by destabilization and dissociation of the prodomain and structural reorganization of the newly created N-terminus Than et al., 2005; Feliciangeli et al., 2006) . The mature enzyme consists of the closely associated catalytic and P-domains consisting of 336 and 128 amino acids, respectively, followed by 222 additional residues comprising a cysteine-rich domain, a single transmembrane helix, a short cytoplasmic domain and intervening linker regions. The first two domains, which intimately contact each other (Henrich et al., 2003) , are sufficient to effect catalytic activity. Constructs lacking the P-domain are inactive, probably due to insufficient folding and stability (Hatsuzawa et al., 1992; Creemers et al., 1993) .
The crystal structure of furin in complex with the covalently bound decanoyl-Arg-Val-Lys-Arg-chloromethyl ketone inhibitor (Henrich et al., 2003) , the only experimental structure of a mammalian, classical PC (but see, e.g., Holyoak et al., 2003 , for the structure of the homologous yeast enzyme) show how this enzyme is able to recognize its substrates with high specificity and permitted the development of specific peptidic inhibitors targeted towards furin (reviewed in Rockwell and Thorner, 2004) . The other classical members of the PC family are highly homologous (up to ;70% identity in the catalytic domain) and based on homology modeling show very similar 3D structures . Correspondingly, one can either develop inhibitors that block the entire PC family (and given the overlapping function of the different family members, this approach might be beneficial for certain pharmacological applications) or specifically target one or only a small subfraction of the PCs. The latter strategy most probably will require the use of non-peptidic backbones and must address surface residues at the edge or outside of the catalytic cleft to gain the required specificity . Several furin inhibitors belonging to different molecular classes (Hallenberger et al., 1992; Angliker, 1995; Cameron et al., 2000; Kacprzak et al., 2004; Basak, 2005; Komiyama, 2005; Jiao et al., 2006; Komiyama et al., 2009; Becker et al., 2010; Sielaff et al., 2011) have been developed thus far. However, it has been proven difficult to predict and to model the binding mode, especially of the non-peptidic inhibitors (Sielaff et al., 2011) .
To investigate the inhibitory mode of known inhibitors, and to develop novel inhibitors, the target enzyme must be available in pure form. Especially for the crystallographic study of protein-inhibitor complexes, milligram amounts of highly pure and homogeneous protein preparations are needed. Soluble human and mouse furin have been expressed in Chinese hamster ovary (CHO) cells in large amounts and purified using a classical chromatographic approach consisting of ion exchange and size exclusion chromatography (Cameron et al., 2000; Kacprzak et al., 2004) . The resulting protein preparations have been successfully used for crystallization and structure determination (Henrich et al., 2003) . Over the past years, however, it has become apparent that active furin, representing an empty active site cleft, and protein preparations that are inhibited by non-covalent and weak binding inhibitors are difficult to crystallize (Sielaff et al., 2011; and M.E. Than, unpublished data) . It is generally known that bound substrate-analogs and/or inhibitors can reduce the inherent flexibility of enzymes, rendering them more amenable to crystallization. In addition, the crystallization tendency of proteins is negatively influenced by flexible surface features (such as flexible loops of the polypeptide chain or the attachment of sugar chains) and impurities. To address the latter issue, we have developed a novel purification scheme for mouse furin, employing heterologous expression from CHO cells followed by an affinity-based chromatographic purification scheme, which results in significantly increased purity and yield.
Results

Design and synthesis of the affinity tag
To develop a novel, affinity-based purification method for furin showing characteristics superior to existing methodologies (Cameron et al., 2000) , we employed furin-specific inhibitors as affinity tags that we immobilized by their biotin moieties on streptavidin-Sepharose for column-chromatographic use. We have previously described a series of substrate analog furin inhibitors containing decarboxylated arginine mimetics as the P1 residue. The most potent inhibitor of this series, Phenylacetyl-Arg-Val-Arg-4-amidinobenzylamide w1, Phac-Arg-Val-Arg-4-Amba (Becker et al., 2010) x, inhibits furin with a K i -value of 0.81 nM (Table 1) . Based on this inhibitor structure, we designed various biotinylated analogs for use as ligands in affinity purification of furin. In general, such a ligand should have an intermediate affinity for its binding partner (Urh et al., 2009) , to enable both sufficient specific binding to allow impurity washout and also permit elution of the target protein under gentle conditions. Based on the X-ray structure of mouse furin inhibited by decanoyl-Arg-Val-Lys-Arg-chloromethyl ketone (Henrich et al., 2003) , it is clear that the decanoyl moiety is directed towards the solvent; therefore, we assumed that it would be possible to attach a biotin moiety via an appropriate spacer at the N-terminus of the inhibitor. An initial analog was designed based on reference inhibitor 2 lacking the P4 arginine residue, which is important in dictating furin affinity, and therefore has a 3000-fold reduced K i -value compared with 1. After coupling the N-terminal biotin moiety via a flexible 8-(amino)-3,6-dioxa-octanoyl (Adoa) spacer, compound 3 was obtained, which has a K i -value in the lower mM range similar to compound 2. Figure 1 Chemical structure of Biotin-(Adoa) 2 -Arg-Pro-Arg-4-Amba (inhibitor 6) for final use in the affinity-based purification.
As the next step, we designed a slightly more potent inhibitor by incorporation of a P4 Arg and modification of the P3 residue. The replacement of the P3 Val residue by proline leads to inhibitor 4 that has an approximately 50-fold lower inhibitory potency compared with 1 (Becker et al., 2011) , most probably due to the elimination of an important hydrogen bond between the P3 amino acid and the carbonyl oxygen of the furin residue Gly255. Its biotinylated analog 5 shows, as expected, an affinity for furin very similar to the original inhibitor compound 4. To test for the influence on the affinity purification of the length of the linker moiety between the two headgroups, we designed compound 6 (K ivalue of 57.4 nM; Figure 1 ), which harbors two Adoa spacers corresponding to an 18-atom long backbone. It exhibits a similar inhibitory potency as found for 4 or 5, and was the first derivative suitable for affinity purification (see below). We designed two additional compounds for this study: compound 7 harbors three Adoa spacers (corresponding to 27 backbone atoms) designed to test if a further increase in linker length is beneficial. With a K i -value of 15.1 nM, compound 7 showed an inhibitory constant in a similar lower nM range as compounds 4, 5 and 6 (K i : 36.7, 38.3 and 57.4 nM, respectively). In a second attempt, the P3 proline of 4 was substituted with threonine to generate compound 8, which we predicted would result in tighter binding by enabling the formation of an antiparallel b-sheet with Gly255 and by reducing the conformational strain imposed by proline on the peptide backbone. Indeed, this exchange reduced the inhibitory constant ;6-fold, a value basically retained in its analog compound 9, which contains two Adoa spacers and the biotin moiety.
Preparation of the affinity matrix
We initially tested binding of the biotinylated compounds 3, 5, 6, 7 and 9 to the streptavidin-Sepharose column and selected the best-suited biotinylated inhibitor for affinity chromatography. All compounds bound tightly to the streptavidinSepharose beads, exceeding the minimum stoichiometries given by the manufacturer. This was analyzed either by SDS-PAGE-based qualitative binding tests employing streptavidin-Sepharose beads or by quantitative binding assays based on the UV-absorption of the 4-amidinobenzylamide moiety at the P1 position of the inhibitors using streptavidin-Sepharose columns, or both (data not shown). Binding of furin to the different affinity beads was estimated from the relative band intensity in Coomassie-stained SDS-PAGE analyses, comparing the furin concentrations in the applied solution, the non-bound protein (supernatant) and the protein eluting from the beads in buffers containing 150, 250, 500 and 1000 mM NaCl as well as the protein fraction that remained bound to the beads after the high-salt wash (pellet fraction). The data are summarized in Table 2 and typical gel images are shown in Figure 2 for the negative control (i.e., binding of furin to unmodified streptavidin-Sepharose beads) and for the binding test of furin to compound 6 immobilized on the beads. In addition to the clear binding of furin to the affinity beads loaded with inhibitor 6, we observed a dilution of furin upon mixing with the bead suspension. In addition, a slight reduction in signal intensity was observed with each wash/ elution step due to some loss of the affinity beads upon repeated washing. This was evident from the apparently lower concentration of furin in the supernatant in comparison to the applied protein solution for all samples.
Using unmodified streptavidin-Sepharose beads (negative control), no protein could be detected in any of the elution steps nor in the final analysis of the beads by Coomassiestained SDS-PAGE. Basically, all furin applied to the beads is recovered in the supernatant and the subsequent wash steps; the observed reduction in concentration is well explained by the dilution effect. Combined with the results presented above, this shows that the binding of mouse furin is primarily caused by the specific interaction with the inhibitor coupled to the column material. The first two biotinylated compounds 3 and 5 show very similar behavior. Although both compounds bind well to streptavidin-Sepharose, the resulting affinity beads are not able to significantly retain furin. The stronger binding inhibitor 5 showed very weak retention of furin in an additional column-based experiment using completely desalted buffers. However, furin eluted at only 20 mM NaCl, preventing any practical use of compound 5 in the purification of furin (data not shown). We reasoned that the weak binding of compound 5 to furin is a non-specific effect most probably due to electrostatic interaction between this positively charged compound and the negatively charged active site cleft of furin. However, the linker between the two headgroups of compounds 3 and 5 seems to be too short to permit strong, concomitant binding of the affinity ligand to both furin and the matrix-bound streptavidin.
Compound 6 immobilized at the streptavidin-Sepharose, distinguished from compound 5 by one additional Adoa spacer residue only, shows significant binding to furin. The concentration of furin in the supernatant fraction is decreased and elution of furin from the beads is observed over a large range of salt concentrations, with peak furin elution at the 
Negative control, i.e., plain streptavidin-Sepharose beads. b The band intensity of the SDS-PAGE analysis observed in three independent experiments is given from '-'(no band) to 'qqq' (strong band). 500 mM NaCl step. Application of this affinity matrix in a quantitative, column chromatography-based purification scheme (see below) showed that its binding to furin falls exactly in the correct affinity range to provide both sufficiently tight binding for impurity washout and also to enable gentle release of the purified target protein from the matrix. The elution of furin from the compound 6 affinity matrix at intermediate salt concentrations shows that the interaction between the affinity tag and furin is dominated by electrostatic interactions. Given the many hydrogen bond interactions observed between the covalently bound decanoyl-ArgVal-Lys-Arg-chloromethyl ketone inhibitor and furin in the complex crystal structure (Henrich et al., 2003) , we next asked whether compound 6 is possibly still conformationally restrained by the (Adoa) 2 spacer or by the proline residue at position P3, and hence hampered in the formation of all possible contacts with the protein surface. Correspondingly, we tested compounds 7 and 9, which showed, similar to compound 6, a significant decrease in the furin concentration of the supernatant, illustrating tight binding of the protein to the affinity matrix. In contrast to compound 6, both compounds 7 and 9 release furin only at more elevated NaCl concentrations from the affinity matrix, and no furin is found in the 150-mM NaCl elution. These data show that releasing remaining conformational strain in compound 6 results in tighter binding of the resulting affinity tags. However, this tighter binding of both compounds to the target protein and the respective elution only at high salt concentrations might render the elution step less efficient in comparison to compound 6. All further experiments were therefore performed with a streptavidin-Sepharose column carrying immobilized compound 6.
Furin purification using immobilized Biotin-(Adoa) 2 -Arg-Pro-Arg-4-Amba (6)
The dihydrofolate reductase-coupled amplification method to overexpress truncated furin secreted at high concentration into the conditioned medium (Cameron et al., 2000) was successfully employed to produce mg amounts of active furin. An initial concentration step significantly reduced the sample volume. Hence, this step rendered storage and handling of the expression medium much easier and accelerated the entire purification. As shown in Table 3 , a highly efficient, three-step chromatographic purification scheme was developed. The initial ion-exchange chromatographic step ( Figure  3A ) proved valuable for removal of several low-molecular weight constituents in the conditioned medium, such as phenol red, and already resulted in an approximate two-fold increase in specific activity by separating late-eluting proteins while retaining most of the furin activity. All fractions showing significant furin activity were pooled to maximize yield at this step. The second purification step employed compound 6 coupled to streptavidin-Sepharose by its biotin moiety, chosen based on its superior binding properties for affinity chromatography among the compounds tested in this study. The chromatogram ( Figure 3B ) and the SDS-PAGE of this purification step (Figure 4) show that most proteins did not bind to the column at all; only active furin was specifically retained at the affinity matrix, as evidenced by the barely detectable levels of furin activity in the flow-through (total activity: F1, 0.7 U; F2, 1.2 U; F3, 1.8 U) in comparison with the eluted furin (total activity of pooled fractions 1-10: 130"3 U, Table 3 ). Upon linearly increasing the ionic strength of the elution buffer, the peak fraction of the highly pure and active furin eluted at ;400 mM NaCl. As expected from an efficient affinity chromatography, the relative activity (green bars in Figure 3B ) correlates well with the furin concentration (band intensity in Figure 4 ). This purification step increased the specific activity almost five-fold in a single step, while retaining ;75% of the activity applied to the affinity column. A final gel filtration step ( Figure 3C ) was used to polish the purified material by removing possible aggregates and sodium chloride, further increasing its specific activity slightly. This column run also shows the homogeneity of the furin preparation. Owing to the specific isolation of active furin in the previous step, not much gain in purity can be expected here. Correspondingly, gel filtration might not be needed for most applications. As even smallest amounts of aggregates can be crucial for the crystallization of proteins, it should be employed for such use. All together, this three-step purification procedure is highly efficient resulting in a final specific activity of almost 60 units per milligram protein and an overall yield of ;50% of the initial furin activity. The efficiency of the purification procedure can further be visualized by the SDS-PAGE analysis of conditioned medium applied to the first column and of the pooled fractions from each purification step ( Figure 5 ).
Discussion
Obtaining milligram amounts of highly pure and homogeneous protein is important for many analytic applications, especially for the development of novel inhibitors of medically interesting target proteins by rational, structure-based methods. Such studies typically rely on the protein crystallographic study of enzyme-inhibitor complexes. Based on an established method to efficiently overexpress the proprotein convertase furin from CHO cell conditioned medium and to purify it primarily based on ion-exchange chromatography (Cameron et al., 2000; Kacprzak et al., 2004) , we have developed a novel purification scheme using affinity chromatography as a central purification step. The affinity purification step relies on efficient binding of the protein to a competitive, furin-specific inhibitor. The development of the affinity matrix utilized our knowledge of the binding mode, chemical synthesis and affinity of several peptidic inhibitors of furin (Henrich et al., 2003; Becker et al., 2010 Becker et al., , 2011 . We reasoned that we could immobilize inhibitors by attaching them via a biotin moiety at their N-termini to a streptavidin-Sepharose matrix, while being able to fine-tune their affinity towards furin both by modifying the amino acid sequence binding into the active site cleft of the enzyme and by varying the spacer length connecting the biotin moiety and the inhibitory headgroup. As expected, the attachment of the flexible Adoa spacer and of the biotin moiety did not significantly reduce the affinity of the ligands towards furin, as evidenced by the similar K ivalues of the unmodified inhibitors and their biotinylated counterparts. Also, all compounds carrying the biotin moiety did bind well to the matrix, a prerequisite for performing affinity purification.
As the next step, we varied both the length of the Adoa spacer and the basic affinity of the inhibitory portion of the compounds, to select the compound best suited for affinity purification. Interestingly and unexpectedly, the compounds 3 and 5 carrying only one Adoa group (corresponding to 9 backbone atoms) between their biotin moieties and the inhibitory headgroups did not retain furin on the corresponding affinity beads, although the soluble compounds (i.e., not bound to the streptavidin-Sepharose matrix) did bind well to furin as evidenced by their K i -values. Consulting the respective structural data (Weber et al., 1989; Henrich et al., 2003) , we concluded that both the biotin moiety attached to the N-terminus of the inhibitor molecules, which binds to streptavidin, as well as the peptide segment at the C-terminus, which binds to furin, must interact with rather deep pockets. Correspondingly, one Adoa spacer is probably not sufficiently long to permit concomitant binding of both headgroups to their respective interaction partners. Indeed, the incorporation of two Adoa residues in between the two headgroups (corresponding to 18 backbone atoms) resulted in compound 6, which shows the desired binding properties to both the matrix-coupled streptavidin and to furin. Both a further increase in spacer length (compound 7) and the formation of an additional hydrogen bond to furin (compound 9) resulted in tighter binding of the respective affinity beads to furin. This result shows that even the (Adoa) 2 spacer in compound 6 prohibits optimal binding of the affinity resin to furin. Hence, it prevents the formation of all possible interactions between the C-terminal peptide region and the deep active site cleft of furin (Henrich et al., 2003) . Further increasing the affinity of the inhibitory segment towards furin (compound 9) also increases binding, as expected. The interaction with the negatively charged active site cleft of furin must be predominantly electrostatic for all binding compounds, as furin can be washed off of the beads at elevated salt concentrations, even for the tighter binding compounds 7 and 9. Based on the rather tight binding of the latter two affinity tags to furin and the resulting potential difficulties in eluting furin from the respective affinity columns, we concluded that compound 6 was the best-suited inhibitor for application in the affinity-based chromatographic purification of furin.
Using compound 6 as affinity tag, we developed a novel three-step furin purification scheme employing (i) an initial ion-exchange chromatographic step to collect most of the active furin present in the expression medium while removing non-protein and several protein impurities; (ii) the highly efficient affinity purification step that retains only active furin at high specificity and removes all other proteins, including those of similar size and electrostatic surface properties; and (iii) a final polishing step by gel filtration chromatography. This procedure proved to be superior in both yield and purification capacity compared to existing methodologies (Cameron et al., 2000) , resulting in a highly homogeneous furin preparation with an apparent molecular weight of ;60 kDa in SDS-PAGE of unprecedented specific activity. In addition to providing extremely pure protein, this purification strategy is fast and delivers high yield. It should hence be the preferred future method for the preparation of large quantities of highly active furin for use in protein crystallization and for inhibitor studies. Although experimentally tested only for the mouse enzyme, we expect that this purification procedure employing compound 6 as an affinity tag will be equally efficient for the human enzyme, which is expected to have an identical active site cleft. In addition, Sepharose-bound compound 6 or possibly minor variations thereof should also permit the affinity-based purification of other basic PCs, as they all share a highly homologous structure of the active site cleft . It remains to be evaluated if this purification procedure, which relies on exposure of active sites, can also quantitatively separate the multiple ionic forms of PC1/3 observed during ion exchange separation (Hoshino et al., 2011) , thereby contributing to a better understanding of these various species on a molecular level.
In addition, the purification of SKI-1, one of the two PCs cleaving after nonbasic sites, could also greatly benefit from this general procedure. The expression of active SKI-1 in an insect cell culture system has been established (Bodvard et al., 2007) . The affinity purification scheme developed here is based on binding only catalytically competent protease and hence represents a purification principle that is orthogonal to the current His-tag purification strategy. It should result in a significant improvement of the existing purification scheme for SKI-1, either by replacing or by complementing it. A potential inhibitor for this purpose might base on the sequences RRLL or RSLK successfully employed in substrates of SKI-1 (Bodvard et al., 2007) . We expect the need for an experimental optimization of the exact inhibitory sequence and spacer length possibly similar to the work described here.
Materials and methods
Recombinant furin expression in CHO cells
Five liters of conditioned OptiMem medium (Gibco, Gaithersburg, MD, USA; containing 0.1 mg/ml bovine aprotinin) were obtained by daily collection of 100 ml from each of 10 confluent roller bottles of mouse furin-expressing CHO cells (Cameron et al., 2000) . The conditioned medium was concentrated 10-fold using a Vivaflow 200 tangential flow apparatus (PES, 30 kDa cut-off value; Sartorius Stedim Biotech GmbH, Goettingen, Germany) at 48C and was stored frozen prior to use for affinity chromatography.
Chemical synthesis of affinity tags
All inhibitors were synthesized by a combination of solid phase and solution synthesis as described previously (Becker et al., 2010) . Briefly, Fmoc-Arg(Pbf)-OH w1 equivalent based on resin loading in the presence of four equivalents of diisopropylethylamine (DIPEA) in dry dichloromethane (DCM), 2 h at room temperature, followed by washing with DCM/MeOH/DIPEA (17/2/1, v/v/v, 3=1 min) and several times with DCM, dimethylformamide (DMF), DCMx was loaded on 2-chloro-tritylchloride resin. The following standard amino acids were coupled by manual solid phase peptide synthesis in polypropylene syringes (Intavis, Köln, Germany) using a Fmoc protocol with a four-fold excess of Fmoc-amino acid, hydroxybenzotriazole (HOBt) and o-benzotriazolyl-N,N,N9,N9-tetramethyluronium hexafluorophosphate (HBTU), respectively, and eight equivalents of DIPEA in DMF. Fmoc-Adoa-OH (Bachem, Weil am Rhein, Germany) or Fmoc-(Adoa) 2 -OH (Iris Biotech GmbH, Marktredwitz, Germany) were coupled with only a 2.5-fold excess. The N-terminal biotinylation was performed with a five-fold excess of biotin, HOBt and HBTU, respectively, in the presence of 10 equivalents of DIPEA in dimethyl sulfoxide (DMSO)/DMF (1:1) overnight. The side chain-protected peptide was cleaved from resin by treatment with 1% trifluoroacetic acid (TFA) in DCM (2=30 min) at room temperature. After evaporation of the solvent the peptides were coupled to 4-amidinobenzylamine=2 HCl (Becker et al., 2010) using (benzotriazolyl)-N-oxy-pyrrolidinium phosphonium hexafluorophosphate/DIPEA in the presence of 6-Cl-HOBT (3 h in DMF), followed by evaporation of the solvent and side chain deprotection with TFA/ triisopropylsilane/H 2 O (95/2.5/2.5, v/v/v, stirring for 4 h at room temperature). All products were purified by preparative HPLC (purity )95% based on detection at 220 nm), lyophilized from 80% tertBuOH in water, and finally obtained as TFA salts.
Analytical HPLC experiments were performed on a Shimadzu LC-10A system (column: Nucleodur C 18 , 5 mm, 100 Å , 4.6=250 mm;
Machery-Nagel, Düren, Germany) with a linear gradient of acetonitrile (1-60% in 59 min, detection at 220 nm) containing 0.1% TFA at a flow rate of 1 ml/min. The final inhibitors were purified to more than 95% purity (detection at 220 nm) by preparative HPLC (pumps: Varian PrepStar Model 218 gradient system, detector: ProStar Model 320, fraction collector; Varian Model 701; Varian, Darmstadt, Germany) using a C 8 column (Nucleodur, 5 mm, 100 Å , 32=250 mm; Macherey-Nagel, Düren, Germany) and a linear gradient of acetonitrile containing 0.1% TFA at a flow rate of 20 ml/ min. All inhibitors were finally obtained as TFA salts after lyophilization. The molecular masses of the synthesized compounds were determined using a QTrap 2000 ESI spectrometer (Applied Biosystems, Darmstadt, Germany). Reagents for synthesis: Fmoc-amino acids, coupling reagents and reagents for synthesis were obtained from Orpegen, Bachem, Iris, Fluka, Aldrich or Acros.
Binding tests of the affinity beads to furin
To prepare the affinity beads, 50 ml of streptavidin-Sepharose beads (GE Healthcare, Uppsala, Sweden) were washed three times with 0.9 ml cold buffer A w20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 2 mM CaCl 2 , pH 7.4x supplemented with 150 mM NaCl and incubated with 0.75 ml 0.2 mM biotinylated inhibitor (Table 2) in buffer A supplemented with 150 mM NaCl for 30 min at 48C. A negative control was prepared using 0.75 ml of the same buffer without inhibitor. The supernatant including unbound inhibitor was carefully removed and three washing steps of 0.9 ml each were performed to ensure that no unbound inhibitor remained in the tube.
The affinity beads were incubated in 100 ml buffer A supplemented with 150 mM NaCl with 15 mg of pure furin for 30 min at 48C. The supernatant including unbound furin was transferred into a fresh tube and prepared for SDS-PAGE analysis. The affinity beads were washed three times with buffer A to ensure the complete removal of unbound furin. Afterwards, four elution steps (5 min incubation time each) were performed with increasing amounts of NaCl (basically buffer A, supplemented with 150 mM, 250 mM, 500 mM or 1 M NaCl) and each time the supernatant was prepared for SDS-PAGE analysis. Following the last elution step, the beads were washed two more times with buffer containing 1 M NaCl to remove the last furin traces that eluted at high salt and the resulting bead pellet was again prepared for SDS-PAGE analysis. Every incubation of the bead suspension was finished by a centrifugation step (0.5 min at 1000 g) to sediment the beads prior to removal of the supernatant. All experiments were performed in triplicate.
Affinity column preparation
For this purpose, 15 ml 0.2 mM Biotin-(Adoa) 2 -Arg-Pro-Arg-4-amidinobenzylamide (4-Amba) in buffer A supplemented with 150 mM NaCl was applied to a 1-ml streptavidin-Sepharose column (GE Healthcare) with a flow rate of 0.1 ml/min. The column was washed with buffer A including up to 1 M NaCl and stored in 20% ethanol.
Affinity based purification of furin
Ten-times concentrated conditioned medium was thawed, diluted 1:3 with buffer A2 (buffer A complemented with 0.4 mM DDM) and pumped on a 50-ml diethylaminoethyl (DEAE) anion exchange column (GE Healthcare) at a flow rate of 1 ml/min. Following a wash with 100 ml of buffer A2, a linear gradient of 0-250 mM NaCl (over 4.5 column volumes; 4 ml fractions) was used to elute furin and the column was washed with 100 ml of each 50% buffer B2 and 100% buffer B2 (20 mM HEPES, 500 mM NaCl, 2 mM CaCl 2 , 0.4 mM DDM, pH 7.4). Fractions containing significant activity were pooled and applied to the 1-ml affinity chromatography column (see above) at a flow rate of 0.5 ml/min. Following a 10-ml wash with buffer A supplemented with 150 mM NaCl, a linear gradient (15 column volumes) up to 700 mM NaCl was used for the elution of furin. Fractions containing activity were pooled, concentrated by ultrafiltration (Amicon Ultra 30 K centrifugation devices; Millipore, Carrigtwohill, Ireland) and applied to a Superdex 200 10/300 size exclusion chromatography column (GE Healthcare) equilibrated in 10 mM HEPES, 150 mM NaCl, 2 mM CaCl 2 , pH 7.4 at a flow rate of 0.5 ml/min. Fractions of 0.5 ml were collected and screened for activity. All purification steps were carried out at 48C.
Enzyme assays
Fractions eluting from the different columns were screened in a kinetic assay for relative furin activity in 96-well plates at 378C in a fluorometer (POLARstar Galaxy, BMG Labtech, Offenburg, Germany) using 380 nm as the excitation and 460 nm as the emission wavelength. The activity assay was basically performed as described previously (Cameron et al., 2000) in 100 mM HEPES, 5 mM CaCl 2 , 0.1% Brij 35, pH 7.0 using 200 mM Pyr-Arg-Thr-LysArg-7-amino-4-methylcoumarin (AMC) (Bachem, Bubendorf, Switzerland) as substrate. In addition, the activity of each pool was determined in a static assay, giving absolute activity data: 100 ml reactions were incubated at 378C for 5 min and the reaction was stopped by the addition of 500 ml 5 mM ethylenediaminetetraacetic acid (EDTA). The quantitative furin activity was determined using a FP-6500 spectrofluorometer (Jasco, Gross-Umstadt, Germany) and AMC (Fluka, Buchs, Switzerland) was used as a standard. The amount of protein was determined according to the Bradford method. The mean values and the standard deviations are given from three independent determinations of the protein and AMC concentrations of a representative purification. To also estimate the absolute activity in the flow-through, the respective fractions (F1-F3) were measured once.
